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ABSTRACT
Objective: Trans-cinnamaldehyde (TC) has shown antimicrobial activity against various microorganisms, but its direct use has some disadvantages 
such as skin irritation, low bioavailability, and low solubility. The objective of the present work was to develop the oil-in-water nanoemulsions (NEs) 
of TC to enhance its antimicrobial activity against Escherichia coli.
Methods: The NEs of TC were prepared using triton x-100 and isopropyl alcohol as surfactant and cosurfactant. The developed NE was studied for 
size, zeta potential, and stability. NEs were evaluated for antimicrobial and antibiofilm activity against E. coli as indicator organism. NEs possible mode 
of action on E. coli was assessed by scanning electron microscopy (SEM).
Results: Stable NEs of TC exhibited a particle size of 210 nm and were able to inhibit the growth of planktonic as well as biofilm cultures of E. coli at 
67 µg/ml. The ruthenium red staining indicated the inhibition of glycoprotein layer formation in extracellular matrix after treating with NE. TC-NE 
exhibited substantial decrease in E. coli growth as well as its viability at its minimum inhibitory concentration as determined by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The mode of action of cinnamaldehyde through β-galactosidase assay on E. coli ML-35p strain 
indicated that it altered the bacterial cell membrane permeability. SEM results showed the presence of holes on the cell wall of the E. coli in the 
presence of TC-NE.
Conclusions: TC-NEs exhibited enhanced antimicrobial activity and were effective against E. coli biofilm. They also exhibited microbicidal activity 
and altered E. coli membrane permeability.
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INTRODUCTION
Escherichia coli are the Gram-negative, facultative anaerobic bacteria, 
generally found in the lower intestine of the warm-blooded organisms. 
Mostly E. coli strains are harmless; some may cause serious illness 
such as diarrhea, respiratory illness, uropathogenic infections, and 
pneumonia [1].
The pathogenicity of E. coli is also enhanced with the ability to form a 
biofilm which significantly increases its virulence. The microorganism 
forms an aggregate colony as biofilm, which consists of extracellular 
polymeric substance (EPS), proteins, polysaccharides, and nucleic 
acids. EPS protects the bacteria attached to the surface from being 
dispersed and also makes them resistance to the antibiotics, which are 
one of the reasons for required higher doses of antibiotics to combat 
the biofilm [2,3].
The excessive use of these antibiotics has led to the development of 
resistance in microorganisms. It has led to the focus and development 
of the natural compounds from various plant sources being used 
as antimicrobial for controlling the growth of the microorganisms. 
The plant essential oils (EOs) are considered to be an alternative 
for the existing antimicrobials as they have been proved to contain 
antimicrobial, antiviral, anti-inflammatory, and antifungal activity [4,5].
Trans-cinnamaldehyde (TC) is one of the main components of the bark 
of cinnamon plant which is recognized as safe molecule. It is approved 
by the Food and Drug Administration with no genotoxic or mutagenic 
effect (TC- 21CFR182.60). The genus Cinnamomum is widely used as a 
medicine, which is commonly known as cinnamon. Ayurveda identifies 
it as a medicine for the treatment of common cold, cough, diabetes, 
fever, flatulence, indigestion, sinusitis, and sore throat [6].
Various studies have proved that TC shows antimicrobial activity against 
various bacterial strains such as Listeria monocytogenes, Staphylococcus 
aureus, E. coli, and Salmonella species [7-9]. Cinnamaldehyde was found 
comparable or better in restricting the growth of Pseudomonas aeruginosa 
as compared to the standard aminoglycoside antibiotics [10]. However, the 
use of TC is limited due to the factors such as insolubility in water, the high 
volatility, low bioavailability, and their role in causing skin irritation [11].
Nanoemulsion (NE) is an important carrier for hydrophobic as well as 
hydrophilic drugs. Due to their high surface area and kinetic stability, 
coalescence among the droplets is prevented [12]. It has been shown 
that the antimicrobial activity of nanoencapsulated EO is enhanced 
due to its increase in solubility in aqueous phase. Moreover, it acts as 
a reservoir for bioactive compound which is released gradually over a 
prolonged time period [13].
In the present work, an o/w NE was formulated with the purpose of 
encapsulating TC. Antimicrobial and antibiofilm activity of the prepared 
TC-NE was evaluated against E. coli. The structural changes in TC-NE 




TC and dimethyl sulfoxide (DMSO) were purchased from Sigma. Triton 
X-100, tween-20, tween-80, ethanol, methanol, isopropyl alcohol, 
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ruthenium red, MTT, and crystal violet were bought from HiMedia. 
E. coli 443 was purchased from MTCC - Chandigarh.
Preparation of NE
The solubility of TC in various surfactants (tween 20, tween 80, and triton 
X-100) and cosurfactants (isopropyl alcohol, ethanol, and methanol) was 
screened to find a suitable NE system. The chosen formulations were 
homogenized at 10,000 rpm for 10 min and ultrasonicated (Hielscher, 
Germany) for 5 min at pulse 10 s (ON and OFF) and amplitude 40%. The 
NEs so obtained were stored at 4°C.
Characterization of NE
The prepared NEs were further characterized based on the 
thermodynamic study, particle size, pH, and viscosity [14]. TC-NE was 
subjected to thermodynamic study which included heating-cooling cycles 
(between 4°C and 45°C), freeze-thaw cycles (between −21°C and + 25°C), 
and centrifugation (3500 rpm for 30 min). Particle and polydispersity 
index (PDI) values of TC-NE were analyzed in Zetasizer (100 HS, Malvern 
instrument, UK), viscosity and pH were measured using capillary 
viscometer and pH meter (Orien 420A+, Electron Corporation).
Antimicrobial assay
Minimum inhibitory concentration (MIC) of TC-NE and TC was 
determined by microbroth dilution assay according to the Clinical 
and Laboratory Standards Institute guidelines [15]. The antimicrobial 
activity of the Smix was also studied and untreated E. coli cells were taken 
as control. E. coli suspension equivalent to 1 × 106 CFU/ml was mixed 
with various concentrations of TC-NE in microtiter plate assay. The 
plate was incubated at 37°C for 18 h and the optical density readings 
were observed using an ELISA plate reader at 595 nm. The assay was 
performed in triplicates and repeated thrice [16]. The percentage 
inhibition was calculated as discussed in Sharma et al. [17].
Determination of the bactericidal activity of TC-NE and TC
The bactericidal activity of the TC-NE was determined by MTT assay 
on E. coli cells. The viability of E. coli cells after treatment with TC-NE 
was also compared with TC and the Smix. The E. coli suspension of cell 
concentration 1 × 106 CFU/ml was added to the 96-well plate along 
with ×2 MIC, ×1 MIC, and ×0.5 MIC concentrations of TC-NE and TC. 
The plate was then incubated at 37°C for 18 h, and after addition of 
5 µl of 20 mg/ml MTT to each well, it was further kept for 3 h. DMSO 
was added to each well to dissolve the formed formazan crystals and 
the absorbance was taken using ELISA reader (Biorad, CA, USA) at 












Growth analysis of E. coli when treated with TC-NE and TC
The growth of E. coli in the presence of different concentrations of 
TC-NE was determined through growth curve. E. coli culture suspension 
was prepared in similar manner as discussed in previous experiments 
and incubated with ×2 MIC, ×1 MIC, and ×0.5 MIC concentrations 
of TC-NE. The absorbance of the plate was observed at regular time 
interval and the results were displayed in the form of graph.
Antibiofilm assay
The antibiofilm activity of the TC-NE and TC was evaluated both 
quantitatively and qualitatively. The effect of the various concentrations 
of TC-NE and TC on biofilm formation of E. coli was quantitatively 
determined by CV assay, and the minimum biofilm inhibitory 
concentration (MBIC) was calculated [17].
In case of qualitative analysis, the biofilm of E. coli was grown on 
coverslips in 6-well plate, alone or in the presence of TC-NE and TC, for 
48 h at 37°C. After the incubation period, the coverslips were stained 
with 0.1% crystal violet stain or ruthenium red separately. These 
coverslips were then viewed under light microscope [19].
Determination of mode of action of TC-NE
E. coli cells with (TC-NE) and without treatment were examined under 
SEM. The culture suspension equivalent to 1×106 CFU/ml and MIC 
concentration of TC-NE was incubated for 4–5 h and then thoroughly 
washed with PBS buffer 3 times. 1 ml of 0.25% glutaraldehyde was 
added and the tubes were incubated overnight at 30°C. Next day the 
culture was centrifuged at 8000 rpm for 10 min and cell pellet was 
washed with PBS and subsequently with increasing concentration of 
ethanol (30–90%) for 5 min and final 100% ethanol wash for 1 h. The 
pellet was viewed under SEM.
RESULTS AND DISCUSSION
Preparation of NE
Cinnamaldehyde is an important antimicrobial compound from the 
cinnamon plant that has been studied for various biological effects. Its 
direct use is hindered due to the insolubility in water and the allergic 
reaction on direct contact with the skin. In the present work, NEs are 
being explored to overcome these problems and also to enhance the 
antimicrobial activity of the compound. Based on the preliminary 
solubility studies of TC, surfactant and cosurfactant were chosen 
for the formulation. TC itself was kept as an oil phase. Depending on 
solubility of TC, the formulation was optimized using surfactant (30%) 
and cosurfactant (10%) combinations and end point was kept as 
transparency of the NE (Table 1). Best results (in terms of transparency) 
were obtained with three combinations (TC-NE1, TC-NE2, and TC-NE3) 
which were further characterized for particle size, zeta potential, and 
PDI (Supplementary File 1). TC-NE2 and TC-NE3 showed particle size 
and PDI in the desirable range and were further subjected to stability 
studies. The formulation which showed thermal stability and no phase 
separation was chosen for further studies (Supplementary File 2).
The chosen formulation (TC-NE2) had triton X-100 (30%), isopropyl 
alcohol (10%), TC (800 µl), and water (60%). The pH of the NE was 
found to be 7.00 and the viscosity was calculated to be 9.79N s/m. The 
particle size was found to be 210 nm and the PDI was =0.465 which 
indicated the homogeneity of the sample.
Determination of MIC
The susceptibility of E. coli cells to TC-NE2, TC (pure), and the Smix was 
determined by microtiter plate assay. E. coli was treated with different 
concentrations and the results showed that the TC-NE2 and TC inhibited 
the growth of E. coli at MIC values 67 µg/ml and 125 µg/ml, whereas 
corresponding Smix did not show any inhibition. This result indicated 
Table 1: The outcome for solubility analysis of trans-cinnamaldehyde in various surfactants and cosurfactants
Formulation Surfactant 30% Cosurfactant 10% Dispersant 60% Trans-cinnamaldehyde (µl)/appearance
TC-NE1 Triton X-100 Ethanol Water 800/transparent
TC-NE2 Isopropyl alcohol Water 800/transparent
TC-NE3 Methanol Water 800/transparent
TC-NE4 Tween-20 Ethanol Water 300/opaque
TC-NE5 Isopropyl alcohol Water 300/opaque
TC-NE6 Methanol Water 200/opaque
TC-NE7 Tween-80 Ethanol Water 200/opaque
TC-NE8 Isopropyl alcohol Water 200/opaque
TC-NE9 Methanol Water 200/opaque
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that the compound TC/NE-TC was solely responsible for inhibiting the 
microbial growth. The results also showed enhanced antimicrobial activity 
of the nanoencapsulated TC with lower MIC value as compared to pure TC.
Determination of bactericidal activity of TC-NE and TC
Subsequent to the establishment of antimicrobial activity, nature of 
potential antibacterial action of TC-NE2 was determined through MTT 
assay as shown in Fig. 1. MTT in the presence of NAD(P)H-dependent 
cellular oxidoreductase enzymes is reduced to blue-colored substrate 
known as formazan which indicates the presence of viable cells. The killing 
of E. coli cells was determined in the presence of TC-NE2 which indicated 
that TC-NE2 at MIC concentration showed <2% viability of E. coli cells as 
compared to <8% viability for TC. The mixture containing Smix showed 
80% viable cells. This placebo composition was same as that of TC-NE2 
without the active compound. Thus, TC-NE2 demonstrated stronger 
bactericidal activity than TC as illustrated by E. coli cell viability data. The 
encapsulation of the naturally occurring phytochemical in a nanosystem 
has been proven to be one of the best approaches to improve their 
antimicrobial potential. This approach not only helps in improving the 
antimicrobial potential of the phytochemical but also helps in protecting 
them from environmental factors such as oxygen, light, and pH by serving 
as a barrier between the molecule and the environment [20,21].
Growth analysis of E. coli when treated with TC-NE
The effect of TC-NE2 on E. coli cells in time-dependent manner was 
shown by plotting growth curve in Fig. 2. The results showed a 
decline in the growth of E. coli cells in the presence of ×2 and ×1 MIC 
concentrations of TC-NE2. The drop in the growth of cells was more 
pronounced for ×2 concentration as compared to ×1 concentration of 
TC-NE. The results were compared with untreated E. coli cells which 
were taken as positive control.
Various studies have shown that nanoencapsulation of the compound 
enhances its biological activity. Anwer et al. showed the MIC values of 
nanoencapsulated clove EO to be ranging from 0.075 to 0.300% w/w 
as compared to the pure oil which was 0.130–0.500% w/w and, 
therefore, indicating enhanced antimicrobial activity of encapsulated 
clove oil [22]. In yet another study, the NE of Thymus daenensis EO was 
proved to have enhanced antimicrobial activity with MIC value equal to 
0.4 mg/ml which was 10 times more than the activity of pure EO [23]. 
However, NE of Eucalyptus globulus oil did not show any antimicrobial 
activity against P. aeruginosa probably due to less concentration of oil 
in the final formulation [24].
Antibiofilm assay
The effect of TC-NE2, TC, and the Smix on the biofilm of E. coli was 
determined quantitatively and qualitatively. The quantitative analysis by 
CV assay showed inhibition of biofilm in the presence of TC-NE2 and TC in 
dose-dependent manner. MBIC values for TC-NE and TC were found to be 
67 µg/ml and 125 µg/ml, respectively. Smix did not show growth inhibition 
of E. coli cells. The treated and untreated E. coli biofilm was also evaluated 
using crystal violet and ruthenium red staining. The E. coli biofilm, 
treated with TC-NE2 and stained with crystal violet to determine the cell 
mass coverage, showed few scattered patches of cells corroborating the 
quantitative data (Fig. 3). The study also proved that the TC-NE2 was able 
to inhibit the growth of biofilm at same value as its MIC.
Biofilm of E. coli consists of extrapolymeric substances matrix mainly 
composed of polysaccharides, proteins, lipids, and nucleic acids [25]. 
The EPS extent was analyzed by staining with ruthenium red and Fig. 4 
indicated much reduced and almost negligible exopolysaccharide extent in 
TC-NE2 treated biofilm as compared to Smix and untreated E. coli samples.
Data pertaining to antibiofilm activity of nanoencapsulated compounds 
are very limited. Chlorhexidine acetate NE (CNE) was more effective 
in restricting biofilm of methicillin-resistant S. aureus as compared to 
the unencapsulated compound [26]. Another study indicated that CNE 
inhibited biofilm formation of cariogenic Streptococcus mutans [27].
Determination of the mode of action of the TC-NE
Surface morphology of the TC-NE2 treated (67 µg/ml) and untreated 
E. coli cells was analyzed by SEM at 40K magnification. The results 
showed roughened membrane with corrugations and damages at places. 
Moreover, the disruption in the cell membrane of treated E. coli cells 
Fig. 3: Crystal violet staining of Escherichia coli biofilm exposed 
to different minimum inhibitory concentration concentrations 
of nanoemulsions trans-cinnamaldehyde 2. Positive indicates 
biofilm of untreated E. coli cells
Fig. 4: Exopolysaccharide staining of Escherichia coli biofilm with 
ruthenium red. Positive denotes untreated E. coli biofilm and the 
other panels indicate the effect of different minimum inhibitory 
concentration doses of nanoemulsions trans-cinnamaldehyde 2 
on E. coli biofilm
Fig. 1: The percentage viability of the Escherichia coli in 
the presence of nanoemulsions of trans-cinnamaldehyde 
(TC-NE2), placebo (P), and TC at respective minimum inhibitory 
concentration value
Fig. 2: Growth pattern of Escherichia coli cells exposed to different 
concentrations of nanoemulsions trans-cinnamaldehyde 2 at 
different minimum inhibitory concentrations
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was evident which could result in the leakage of cell contents resulting 
in cell death (Fig. 5). Few studies have indicated that nanoencapsulated 
compound can effectively disrupt the bacterial membrane as possible 
mode of action. Oil from Neem, one of the ancient medicinal plants 
when encapsulated in a NE system showed toxicity against pathogenic 
strain Vibrio vulnificus by disrupting the cell membrane [28]. Song et 
al. have shown that CNE could damage the cell membrane and result in 
leakage of ions, protein, and DNA [26].
CONCLUSIONS
In the present study, we have shown the enhancement of antimicrobial 
activity of naturally occurring TC when encapsulated in a NE system 
against E. coli. TC-NE2 was effective in inhibition of growth as well as 
displayed better bactericidal activity against E. coli. Moreover, the TC-NE2 
could inhibit the formation of E. coli biofilm as depicted by crystal violet 
and ruthenium red staining. The mechanism of restricting the growth of 
E. coli could be membrane damage and thus leakage of the contents of cells. 
Therefore, to conclude, nanoencapsulation of cinnamaldehyde can serve 
as a potential carrier system and also aid in enhanced antibacterial action.
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